Interleukin-8 (IL-8, or CXCL8), which is a chemokine with a defi ning CXC amino acid motif that was initially characterized for its leukocyte chemotactic activity, is now known to possess tumorigenic and proangiogenic properties as well. In human gliomas, IL-8 is expressed and secreted at high levels both in vitro and in vivo, and recent experiments suggest it is critical to glial tumor neovascularity and progression. Levels of IL-8 correlate with histologic grade in glial neoplasms, and the most malignant form, glioblastoma, shows the highest expression in pseudopalisading cells around necrosis, suggesting that 3 Abbreviations used are as follows: AU, adenosine and uridine; CSF, cerebrospinal fl uid; CXCR, CXC chemokine receptor; DARC, Duffy antigen receptor for cytokines; DR, death receptor; EGFR, epidermal growth factor receptor; ELF, Glu-Leu-Arg; ENA, epithelial-cell-derived neutrophil-activating protein; ERK 1/2, extracellular signal-regulated kinase 1 and 2; GBM, glioblastoma; GCP, granulocyte chemotactic protein; GRO, growth-regulated oncogene; HIF, hypoxia-inducible factor; HIMEC, human intestinal microvasculature endothelial cells; HMEC, human microvascular endothelial cell; HUVEC, human umbilical vein endothelial cells; IL-8, interleukin-8; MAP, mitogenactivated protein; MEKK1, MAP kinase kinase kinase 1; Mig, monokine induced by ␥-interferon; MKK, MAP kinase kinase; MMP, matrix metalloproteinase; NIK, NF-B-inducing kinase; PI-3-K, phosphoinositide 3 kinase; TRAIL, tumor necrosis factor-related, apoptosis-inducing ligand; VEGF, vascular endothelial growth factor. Neuro-Oncology 7, 122-133, 2005 (Posted to NeuroOncology [serial online], Doc. 04-106, March 2, 2005 DOI: 10.1215/ S1152851704001061) T umorigenesis is a complex, multistep process that includes cellular neoplastic transformation, resistance to apoptosis, autonomous growth signaling, emergence of a vascular supply, evasion of immunologic surveillance, and the acquisition of invasive/metastatic properties. Soluble factors in the tumoral environmentderived not only from neoplastic cells but also from stroma, infl ammatory cells, and endothelial cells-are critical determinants of many of these neoplastic processes.
IL-8 Is a CXC Chemokine
Interleukin-8 is a member of the chemokine family. The chemokines are specialized cytokines produced and secreted by a variety of normal and neoplastic human cell types, which have been defi ned by their ability to cause directed migration of leukocytes. They are generally secreted in response to growth factors, infl ammatory cytokines, and pathophysiologic conditions (Matsushima and Oppenheim, 1989; Walz et al., 1987; Yoshimura et al., 1987) . Among the fi rst chemokines discovered, IL-8 was identifi ed as a chemotactic factor secreted by activated monocytes and macrophages that promotes the directional migration of neutrophils, basophils, and T lymphocytes (Baggiolini et al., 1989; Rossi and Zlotnik, 2000) . It was later found to play an important role in autoimmune, infl ammatory, and infectious diseases (Harada et al., 1994; Koch et al., 1992; Smyth et al., 1991) . Because of its potent pro-infl ammatory properties, IL-8 is tightly regulated, and its expression is low or undetectable in normal tissues.
Like all chemokines, IL-8 is a small, soluble peptide (8-10 kDa). The chemokine family has been divided into four major groups, CXC, CC, C, and CX3C, with individual classifi cation based on the number and location of conserved cysteines within the N-terminal amino acid sequence (Baggiolini et al., , 1997 . More than 50 human chemokines have been defi ned thus far (Balkwill, 2004) , with the majority belonging to either the CC subfamily, in which the fi rst two cysteines are consecutive, or the CXC family, in which the fi rst two cysteines are separated by a single amino acid. Interleukin-8 is prototypical of the CXC group, which also includes growth-regulated oncogene (GRO)-␣, -␤, and -␥ (CXCL1-3), neutrophilactivating protein-2 (NAP-2; CXCL7), epithelial-cellderived neutrophil-activating protein (ENA78; CXCL5), granulocyte chemotactic protein-2 (GCP-2; CXCL6), ␥-interferon-inducible protein 10 (IP-10; CXCL10), monokine induced by ␥-interferon (Mig; CXCL9), interferoninducible T cell ␣-chemoattractant (I-TAC; CXCL11), stromal-cell-derived factor-1 (SDF-1; CXCL12), platelet factor 4 (PF4; CXCL4), BCA-1 (CXCL13), and BRAK (CXCL14). Interleukin-8 has sequence identity ranging from 24% to 46% with the other members of the CXC family. All of the human CXC genes are clustered on chromosome 4 between 4q12 and 4q21, which suggests that they may all be derived from a common ancestral gene.
Interleukin-8 is synthesized primarily as a 99 amino acid peptide that is processed through signal sequence cleavage and N-terminal proteolysis to yield several active IL-8 isoforms (Hebert and Baker, 1993) , with peptides of 72 and 77 amino acids being most biologically relevant (Strieter et al., 1989) . The 72 amino acid peptide is the major form secreted by monocytes and macrophages in culture, whereas the 77 amino acid variant is the most abundant secretory product of nonimmune cells. The monomer peptide structure of IL-8 contains an NH 2 -terminal loop, three antiparallel beta-strands connected by loops, and a C-terminal alpha helix. While IL-8 readily forms dimers in solution, the monomer is believed to be the biologically relevant and active form of this chemokine (Horcher et al., 1998; Rajarathnam et al., 1994) . Expression of IL-8 can be induced, in some cases up to 100-fold, by IL-1, TNF-␣, IL-6, interferon-␥, lipopolysaccharide, phytohemagglutinin, phorbol myristate acetate, reactive oxygen species, and other cellular stresses DeForge et al., 1993) . Potent inhibitors of IL-8 production include dexamethasone, IL-4, and IL-10 (Mukaida et al., 1994; Xie, 2001) . Protein secretion appears to be directly related to cellular levels of mRNA, and both transcriptional rates of the IL-8 gene and its mRNA half-life are believed to be responsible for dictating steady-state mRNA levels (Mukaida et al., 1990; Roebuck, 1999) . Transcriptional regulation of the IL-8 gene is mediated by its 5' fl anking region (Fig. 1) .
To date, regulatory sequences have been characterized from -1 to -2500 of the gene's 5' region, with the most thoroughly characterized portion at -425 to -70, which contains binding sites for the transcriptional modulators AP-1, NF-B, and C-EBP/NF-IL-6 (Fig. 1) , as well as putative binding sites for the glucocorticoid receptor, hepatocyte nuclear factor-1, and interferon regulatory factor-1 (Hoffmann et al., 2002; Kunsch and Rosen, 1993; Mukaida et al., 1990; Roebuck, 1999) . NF-B binding appears to be required for transcriptional activity at the IL-8 promoter in all cell types, whereas AP-1 and C-EBP/NF-IL-6 binding contribute to transcriptional activity in a cell-dependent manner (Mahe et al., 1991; Mukaida et al., 1990) . Maximal activation at the IL-8 promoter occurs in the setting of synergistic interaction of transcription factors. For example, the physical interaction of AP-1 or NF-IL-6 with NF-B enhances promoter activity (Matsusaka et al., 1993) .
Transcriptional regulation of IL-8 synthesis incorporates signals from diverse intracellular signaling pathways and appears to differ according to whether the stimulus for upregulation is a cytokine or cellular stress (Holtmann et al., , 2001 . Transcriptional stimulation of the IL-8 gene by the cytokines IL-1 or TNF-␣ involves a small fragment of the promoter (-1 to -133) that includes the NF-B and NF-IL-6 binding sequences and the TATA box. Transcription of the IL-8 gene is also upregulated by oxidative stress, and this type of stimulation appears to depend largely on the AP-1 binding site (Lakshminarayanan et al., 1998) . In some cell types, especially those that are neoplastically transformed, IL-8 expression is constitutive (Xie, 2001) at Pennsylvania State University on http://neuro-oncology.oxfordjournals.org/ Downloaded from but requires the sequence between -133 and -85. Mutations within the AP-1 or NF-B binding sequences can abolish constitutive IL-8 promoter activity. Epigenetic regulation of IL-8 transcription is less extensively studied, although differential methylation of two CpG sites in IL-8 was identifi ed at a position approximately 1.2 kb upstream of the IL-8 promoter in breast carcinoma cell lines (De Larco et al., 2003) . However, unlike most examples of epigenetic regulation, methylation at these sites was associated with increased IL-8 expression and secretion.
One of the critical regulators of TNF-␣-mediated NF-B activity is the phosphorylation status of its natural cytosolic inhibitor IB (Fig. 1) . Phosphorylation of two adjacent serines on IB by IB kinase (IKK)-␣ and -␤ leads to proteosomal degradation of IB and to the release of the p50/p65 heterodimeric NF-B to the nucleus to initiate transcription (Bobrovnikova-Marjon et al., 2004; Yamamoto and Gaynor, 2004) . IB kinase-␣ and -␤ are activated as a result of their phosphorylation by NF-B-inducing kinase (NIK) or through the activity of mitogen-activated protein (MAP) kinase kinase kinase 1 (MEKK1). Both NIK and MEKK1 strongly upregulate transcriptional activity at the IL-8 promoter . MAP kinase kinase 7 (MKK7) was also found to increase the transcription of the IL-8 gene through its activation of the stress-activated protein kinase/c-jun N-terminal kinase, and MKK7 shows an additive effect with NIK on IL-8 transcription. Transcriptional activation by both NIK and MKK7 requires a minimal IL-8 promoter with functional AP-1 and NF-B binding sites. Neither MKK7 nor NIK have an appreciable effect on mRNA stability. However, there is an adenosine-and uridine (AU)-rich RNA instability element (AUUUA) present in the 3' untranslated region of the IL-8 mRNA that contributes to its having a short half-life. An important modulator of this AU-rich element in the IL-8 transcript is HuR, a protein associated with RNA stabilization that is upregulated in response to TNF-␣ (Nabors et al., 2003) . The role of the AU-rich element in IL-8 transcript stability is also infl uenced by MEKK1, MKK6, and p38 MAP kinase (Tebo et al., 2003; Winzen et al., 1999 Winzen et al., , 2004 . Taken together, it appears that activation of NF-B, stress-activated protein kinase/c-jun N-terminal kinase, and p38 MAP kinases all interact to increase IL-8 mRNA levels, either by increased transcription or by increased transcript stability. MEKK1 activates all three of these signaling mediators and results in maximal IL-8 levels Winzen et al., 1999 ).
An independent mechanism for upregulating IL-8 transcription may involve agents that increase cytosolic Ca 2+ mobilization, such as protein kinase C activation (Kuhns et al., 1998; Wakabayashi et al., 2004) . Mechanisms that cause increased intracellular Ca 2+ in gliomas could include the activation of receptor tyrosine kinases such as epidermal growth factor receptor (EGFR) and platelet-derived growth factor receptor. A recent investigation demonstrated that exposure of U251 glioblastoma (GBM) cells to Ca 2+ ionophores and phorbol-myristateacetate leads to dramatic increases in IL-8 production (Wakabayashi et al., 2004) and that Ca 2+ -induced IL-8 expression could be suppressed by the calcineurin inhibitors cyclosporine and FK506. However, TNF-␣-induced IL-8 expression was not suppressed by these inhibitors, which suggests divergent intracellular signaling mechanisms for controlling IL-8 expression. Both the increased expression of IL-8 due to Ca 2+ mobilization and its inhibition by cyclosporine required the presence of intact NF-B and AP-1 binding sites in the IL-8 promoter. The inhibition of Ca 2+ -dependent mechanisms at the NF-B promoter by cyclosporine and FK506 raised the possibility that calcineurin could be a critical intermediary. The authors suggested that calcineurin mediates the degradation of IB-␣, perhaps through the activation of IB kinases, resulting in increased nuclear translocation of NF-B and transcription at the IL-8 promoter (Trushin et al., 1999) .
IL-8 Binds to Specifi c CXC Receptors
CXC chemokines mediate their biological functions by interacting with specifi c G-protein-coupled CXC chemokine receptors (CXCRs) (Fig. 2) . CXCRs are seventransmembrane, rhodopsin-like receptors that range in size from 339 to 373 amino acids and have 25% to 80% sequence identity within their family (Murphy et al., 2000; Rossi and Zlotnik, 2000) . At least 18 human chemokine receptors have been identifi ed to date (Balkwill, 2004) . The binding of CXC chemokines to their receptors (i.e., CXCRs) shows limited overlap, although it is clear that some receptors bind to more than one chemokine, and some chemokines bind to more than one receptor. Most chemokine receptors were initially described in association with the study of leukocytes, but it has become evident that their expression is more ubiquitous, having been shown for endothelial cells, epithelium, neurons, astrocytes, and microglia in the brain, as well as for a variety of tumor cells (Flynn et al., 2003; Murdoch et al; 1999 , Murphy et al., 2000 .
Two homologous chemokine receptors, CXCR1 (IL-8RA) and CXCR2 (IL-8RB), bind to IL-8 with high affi nity (Holmes et al., 1991; Murphy and Tiffany, 1991) ( Fig. 2 and Table 1 ). They share 78% sequence identity and are currently considered to be the only biologically significant IL-8 receptors. Their genes, IL-8RA and IL-8RB, each of which is encoded by a single exon, are located 20 kb apart on chromosome 2q35, and they are associated with an inactive CXCR2 pseudogene, IL-8RP (Ahuja et al., 1992 (Ahuja et al., , 1994 . At the cell surface, CXCR1 shows binding only for IL-8 and GCP-2, without appreciable affi nity for other CXC chemokines (Wolf et al., 1998) . In contrast, CXCR2 binds to IL-8 as well as other CXC chemokines with similar high affi nity, including ENA-78; GRO-␣, -␤, and -␥; neutrophil-activating protein-2; and GCP-2 (Ahuja and Murphy, 1996) . Another chemokine receptor, Duffy antigen receptor for cytokines (DARC), is a 40-to 45-kDa glycosylated protein expressed on red blood cells, and to a lesser extent on endothelial and epithelial cells, which was fi rst recognized as the erythrocyte receptor for malaria parasites Neote et al., 1993; Tournamille et al., 2004) . Duffy antigen receptor for cytokines binds to both CXC and CC cytokines (including IL-8) with relative promiscuity. However, DARC lacks the protein motif in its second intracellular loop that is required for coupling to G-proteins, and it has not yet been linked to any intracellular signaling pathways. It is possible that this receptor acts as a molecular sink for binding and degradation of chemokines through receptor internalization or that it participates in chemokine transport. Interleukin-8 also displays low-affi nity binding for glycosaminoglycans, but the biological signifi cance of this interaction is still unclear.
IL-8 Has Proangiogenic Activity
Interleukin-8 possesses biologic functions in addition to and distinct from its well-recognized role in regulating infl ammatory responses (Strieter, 2001) . Of particular relevance to tumorigenesis, IL-8 is a potent mediator of angiogenesis (Hu et al., 1993; Koch et al., 1992; Strieter et al., 1992) . Angiogenesis is the process by which new blood vessels are formed from preexisting ones and follows a complex sequence of events that occurs in response to proangiogenic and antiangiogenic factors (Brat and Van Meir, 2001 ). This process is tightly regulated and is activated only in pathologic states such as wound healing and neoplasia, and in limited physiologic settings such as menstrual cycle events. The beginning phase of angiogenesis is associated with increased vascular permeability of parent vessels that leads to extravasation of plasma and deposition of proangiogenic matrix proteins. In response to the mitogenic effects of proangiogenic cytokines, endothelial cells proliferate and then migrate along a chemotactic gradient into the extracellular matrix. Once established, endothelial cells form tubes with a central lumen, elaborate a new basement membrane, and eventually recruit pericytes and smooth muscle cells to surround the mature vessels. The proangiogenic properties of IL-8 were fi rst demonstrated in the early 1990s, when recombinant human IL-8 was shown to have chemotactic properties on human umbilical vein endothelial cells (HUVEC) and human aortic endothelial cells Szekanecz et al., 1994) . The biologic signifi cance of this relationship in human disease was shown by demonstrating that the angiogenic effect of conditioned media from infl amed human tissue could be blocked by antibodies directed specifi cally at IL-8 . Similarly, angiogenic properties of conditioned media from activated monocytes and macrophages were attenuated by IL-8 antisense oligonucleotides. Interleukin-8 was later confi rmed to have proangiogenic properties in vivo through use of the rat mesenteric window assay, the rat and rabbit corneal assays, and a subcutaneous sponge model (Hu et al., 1993; Koch et al., 1992; Norrby, 1996; Strieter et al., 1992) . The angiogenic activity of IL-8 stimulates both endothelial proliferation and capillary tube formation in vitro in a dose-dependent manner, and both of these effects can be blocked by monoclonal antibodies to IL-8 (Li et al., 2003; Shono et al., 1996) . Results from the majority of investigations point to the angiogenic effects of IL-8 as being independent of its chemotactic activity for neutrophils and other pro-inflammatory effects, since IL-8 promotes angiogenesis in the absence of infl ammatory cells (Hu et al., 1993; Strieter et al., 1992) . The proangiogenic nature of IL-8 is presumed to be related to the Glu-Leu-Arg (ELF) motif that immediately precedes its fi rst N-terminal cysteine residue, as all CXC chemokines with this motif are known to promote angiogenesis (Moore et al., 1998; Strieter et al., 1995) . These include IL-8, ENA-78, GCP2, and GRO-␣, -␤, and -␥. Those CXCs without the ELF motif (ELF-), including platelet factor 4, Mig, and ␥-interferon inducible protein 10, do not demonstrate angiogenic activity. In fact, these ELF-CXC chemokines were even found to block angiogenesis induced by ELF+ chemokines, vascular endothelial growth factor (VEGF), and basic fi broblast growth factor (Loetscher et al., 1996; Maione et al., 1990; Strieter et al., 1995) . The presence of ELF in the amino acid sequence of CXCs is believed to modify the interaction of chemokines with their cell surface receptors on effector cells including endothelial cells and neutrophils (Clark-Lewis et al., 1993) . The signifi cance of the ELF domain to the proangiogenic properties of IL-8 has been shown most convincingly by using mutant forms of IL-8 that lack the ELF motif. These mutant forms have no appreciable angiogenic activity in assays of endothelial cell migration or in rat corneal assays. Importantly, when an ELF motif is introduced into an ELF-negative chemokine, such as Mig, in vivo angiogenic properties are conferred. Thus, the ELF domain appears to be critical to the proangiogenic properties of CXCs.
The proangiogenic effects of IL-8 additionally stem from its ability to inhibit the apoptosis of endothelial cells (Li et al., 2003) . In serum-free medium, which typically induces programmed endothelial cell death, IL-8 inhibits HUVEC apoptotic response, and this inhibition is associated with increased levels of the antiapoptotic factors Bcl-xl and Bcl-2 as well as with decreased levels of Bax.
Finally, as concerns IL-8-mediated angiogenesis, it was further shown that IL-8 stimulates increased endothelial cell mRNA expression of matrix metalloproteinases (MMPs) MMP-2 and -9 as well as modest increases in gelatinase activity (Li et al., 2003) . These MMP activities are required for the proteolytic modifi cations of basement membranes and extracellular matrices during angiogenesis. In total, IL-8 has at least four distinct proangiogenic properties, each of which is manifested through an endothelial cell response: the enhancement of endothelial cell proliferation, chemotaxis, survival, and protease activation.
Endothelial Cell Expression of CXCR1 and CXCR2 Mediates IL-8 Angiogenic Activity
The ability of IL-8 to elicit angiogenic activity depends on the endothelial cell expression of its receptors (Fig.  2) . Recent studies based on fluorescence-activated cell sorting analysis and confocal microscopy indicate that CXCR1 and CXCR2 are highly and moderately expressed, respectively, on human microvascular endothelial cells (HMEC) (Salcedo et al., 2000) , whereas HUVEC cells show low levels of CXCR1 and CXCR2 expression. These fi ndings are consistent with the ability of IL-8 to induce HMEC chemotaxis to a much greater extent than HUVEC. Antibodies directed at CXCR1 and CXCR2 are capable of inhibiting IL-8-induced at Pennsylvania State University on February 23, 2013 http://neuro-oncology.oxfordjournals.org/ Downloaded from migration of HMEC, which indicates that these two receptor subtypes are critical for the IL-8 angiogenic response (Salcedo et al., 2000) .
Since CXCR2 binds to all of the ELF+ CXCs that induce angiogenesis, including IL-8, whereas CXCR1 binds with high affi nity only to IL-8 and GCP-2, it is reasonable to speculate that CXCR2 is a more likely candidate for mediating the proangiogenic effects of IL-8. In support of this speculation, antibodies directed at CXCR2 effectively inhibit chemotaxis of HMEC induced by the ELF+ chemokines, including IL-8 and ENA-78, whereas antibodies directed at CXCR1 have no antichemotactic effect. Antibodies directed at CXCR2 also inhibit neovascularization induced by ELF+ chemokines in a rat corneal model of angiogenesis (Addison et al., 2000) , and this result is consistent with the diminished ELF+ chemokine-associated corneal angiogenesis in CXCR2 knockout mice. Similar observations regarding the importance of CXCR2 to IL-8-mediated angiogenesis have been made in association with investigations utilizing human intestinal microvasculature endothelial cells (HIMEC), which undergo proliferation, directed migration, and stress fi ber assembly in response to IL-8, but not in the presence of antibodies directed at CXCR2 (Heidemann et al., 2003) . In total, these data strongly support a role for CXCR2 in angiogenesis induced by ELF+ chemokines (Addison et al., 2000) .
The intracellular signaling mechanisms that follow IL-8 binding to CXCRs on endothelial cells have been only partially characterized (Fig. 2) . One of the earliest events that occurs after IL-8 exposure to endothelial cells is the increased phosphorylation of extracellular signal-regulated kinase 1 and 2 (ERK 1/2), which can be noted within 15 min in HIMEC and is sustained for more than 60 min (Heidemann et al., 2003) . Inhibitors of both MAPK kinase (PD98059) and phosphoinositide 3 kinase (PI-3-K) (LY294002 and wortmannin) are capable of blocking the spontaneous formation of tubelike structures and IL-8-dependent chemotaxis of HIMEC, which indicates that both signaling mediators are downstream effectors of CXCR2. In addition, the IL-8-mediated activation of ERK 1/2 is believed to be downstream of PI-3-K, since PI-3-K inhibitors are capable of blocking ERK 1/2 phosphorylation (Sotsios and Ward, 2000) . It has been suggested that the activation of the MAPK signaling cascade by binding of IL-8 to CXCR2 on endothelial cells may depend on the activation status of EGFR (Schraufstatter et al., 2003) . Downstream of cell surface receptor activation and intracellular signaling, the angiogenic response of endothelium to IL-8 requires coordinated cytoskeletal rearrangement to initiate and sustain migration. A detailed analysis of cytoskeletal reorganization induced by IL-8 in HMEC indicates that both CXCR1 and CXCR2 contribute to this activity, albeit within different time frames (Schraufstatter et al., 2001) . Specifi cally, the use of anti- bodies against each receptor reveals that the early phase (1-5 min) of IL-8-stimulated actin stress fi ber formation is dependent on the activation of CXCR1, whereas later cytoskeletal events, which include cell retraction and the formation of gaps between adjacent cells, depend primarily on CXCR2. The early stress fi ber formation events mediated by CXCR1 can be blocked by inhibitors of Rho (C3 botulinum toxin) and Rho kinase (Y-27632), as well as by dominant negative forms of Rho. Pertussis toxin, which blocks Gi-coupled events, does not inhibit these early events. On the basis of the inhibitory profi le, the authors suggest that CXCR1 couples to either G␣ 12 or G␣ 13 , which in turn activates the Rho/Rho kinase cascade. The late IL-8-CXCR2-mediated cytoskeletal events are sensitive to pertussis toxin, which implicates receptor coupling to Gi. Moreover, CXCR2 activation is associated with Rac translocation to the cell membrane, where it associates with p21-activated kinase and promotes endothelial cell retraction (del Pozo et al., 2000) . These late IL-8-associated events can be inhibited by dominant negative forms of Rac, which suggests that Rac is a critical downstream mediator of CXCR2. Thus, these studies suggest that each receptor couples to distinct G proteins and initiates intracellular signaling cascades that are coordinately regulated to allow for cellular reorganization of the cytoskeleton.
IL-8 Promotes Gliomagenesis and Tumoral Angiogenesis
Results from recent investigations suggest that IL-8 and its receptors are critical to the development and progression of numerous malignancies, including those that arise in the brain (Xie, 2001) . Glioblastoma is a common, high-grade, infi ltrative form of astrocytoma that is rapidly fatal. The presence of necrosis with pseudopalisading and microvascular proliferation, a specialized form of angiogenesis, signals the onset of aggressive growth. Angiogenesis is most conspicuous in the regions surrounding necrosis and is due in large part to the local expression of proangiogenic factors combined with the loss of angiogenesis inhibitors. Most angiogenesis research in GBM has focused on VEGF and its regulation by hypoxia and genetic alterations . The possibility that chemokines may be relevant to glioma biology was raised by the fi ndings that the majority of human GBM cell lines secrete factors that have chemotactic properties on neutrophils and that these effects were enhanced by exposure of tumor cells to TNF-␣ ( Van Meir, 1995; Van Meir et al., 1992) . Many GBM cell lines constitutively express IL-8 mRNA and secrete the 77 amino acid peptide isoform into conditioned media at concentrations that could account for this chemotactic effect on neutrophils (Tada et al., 1993; Van Meir et al., 1992) . In addition, IL-8 gene expression and peptide secretion by glioma cells can be dramatically enhanced by TNF-␣ and IL-1 (Kasahara et al., 1991 , Morita et al., 1993 Tada et al., 1993) . In human brain tumor specimens, IL-8 mRNA and protein are expressed in grades II, III, and IV astrocytomas and anaplastic oligodendroglioma, which indicates that IL-8 expression is not an artifact of cell culturing. Interleukin-8 can be detected in the cyst fl uid of primary astrocytic tumors, but only rarely in the cerebrospinal fl uid (CSF) of astrocytoma patients, which suggests that the peptide either is secreted at low levels in the CSF or has a short half-life once in the CSF ( Van Meir et al., 1992) . Glioblastomas are biologically complex and composed not only of neoplastic glioma cells but also nonneoplastic glia and neurons, endothelial cells, macrophages, microglia, lymphocytes, and neutrophils. Secretion of IL-8 could arise from any of these cellular compartments and contribute to gliomagenesis. In particular, macrophages are known to produce high levels of IL-8 (Matsushima and Oppenheim, 1989) , and the brain has a resident population of macrophages that lie relatively dormant in the perivascular space. In CNS diseases, including high-grade gliomas, activated macrophages migrate away from their perivascular residence to the site of pathology, where they participate in the infl ammatory response. Macrophages are not frequently encountered in low-grade (WHO grade II) astrocytomas, but their numbers increase with increasing histologic grade of the tumor, being highest in GBM (Nishie et al., 1999) , and IL-8 levels in astrocytic neoplasms roughly correlate with the number of macrophages in the specimen. Moreover, the density of the macrophage infi ltrates correlates with the degree of microvascular proliferation.
Microglia are a second population of primary CNS cells that are derived from the monocyte/macrophage lineage and express IL-8, especially following activation, although their role in tumorigenesis is not established (Lee et al., 2002) . In addition to their abilities to directly release IL-8, macrophages and microglia also secrete TNF-␣ and IL-1, which could potentially act on tumor cells to induce the release of additional IL-8 (Kasahara et al., 1991) . Thus, macrophages and microglia within GBMs likely have protumorigenic mechanisms related to their production of IL-8; the secretion of other factors by these cells may also promote tumor growth and angiogenesis (Chen et al., 2003; Sunderkotter et al., 1994) .
In experiments on human astrocytoma specimens that included in situ hybridization and immunohistochemistry, IL-8 expression was highest in pseudopalisading cells surrounding necrosis and was also noted in the perivascular region, likely due to infl ammatory cells (Desbaillets et al., 1997; Van Meir et al., 1992) . The localization of IL-8 expression to pseudopalisading cells, which are known to be hypoxic and express high levels of hypoxia-inducible factor (HIF)-1␣, suggested that hypoxia might lead to increased IL-8 expression. Indeed, enhanced IL-8 expression can be demonstrated in the hypoxic centers of glioma spheroids grown in culture and in glioma cells grown under anoxic conditions. While both IL-8 and VEGF expression are induced by anoxia in glioma cell lines, and both are expressed in the regions of pseudopalisades in GBM specimens, the kinetics of IL-8 mRNA expression following anoxia are distinct from those of VEGF, suggesting different roles in the tumor angiogenic response (Desbaillets et al., 1999) . Further, the pattern of IL-8 mRNA expression in pseudopalisades, as demonstrated by in situ hybridization, is punctate, while that of VEGF is more uniform. Thus, IL-8 expression in response to anoxia appears to be distinct from VEGF, in terms of both its spatial and its temporal characteristics.
The results of both nuclear run-on experiments and transcriptional inhibition indicate that increased IL-8 levels in anoxic gliomas are due to increased transcriptional activity. Binding of the transcription factor AP-1 to the IL-8 promoter increases dramatically under anoxia in glioma cells, while that of NF-B and C-EBP/ NF-IL-6 does not, implicating AP-1 as a critical oxygensensitive transcriptional factor complex in IL-8 production (Desbaillets et al., 1999) . Others have found IL-8 transcription to be upregulated by hypoxia/anoxia in normal and cancerous cells (Shi et al., 1999) , though a conventional hypoxia-responsive element, such as that recognized by the HIF family of transcription factors, has not been identifi ed in the IL-8 promoter, and consequently, HIF-mediated transcription is probably not directly involved in IL-8 expression. Results from some studies suggest that NF-B might also participate in the hypoxia-IL-8 expression response (Huang et al., 2001) . Unlike VEGF expression, the oxygen-sensitive transcription of IL-8 is independent of TP53 status in glioma cells and is thus unlikely to be related to hypoxic induction of p53 (Desbaillets et al., 1997) . In addition to stimulation by low oxygen, IL-8 expression is promoted by other conditions in the tumor microenvironment, such as reduced glucose levels, amino acid deprivation, low pH, and reactive oxygen species, all of which are associated with nutrient deprivation (Bobrovnikova-Marjon et al., 2004; Shi et al., 2000; Tanaka et al., 1997) .
The exact role of IL-8 in the biology of astrocytomas is not clear. Among many potential roles, it could act as (1) an infl ammatory chemoattractant as part of the host response to neoplasia, (2) a more general pro-infl ammatory factor released in response to tissue stress and necrosis, (3) a proangiogenic factor that promotes new vessel growth, or (4) an autocrine growth factor secreted by tumor cells to promote their own growth. Whether IL-8 has direct effects on tumor cells themselves is a contentious issue, since it is not clear if tumor cells express the specifi c IL-8 receptors CXCR1 and CXCR2. Interleukin-8 has been reported to have direct growth-stimulating effects on glioma cell lines, such as NP-1 and U251MG (Wakabayashi et al., 2004; Yamanaka et al., 1995) . IL-8 has also been reported to have chemoattractant properties on glioma cells by promoting directed migration assays (Wakabayashi et al., 2004) . RT-PCR investigations have demonstrated high levels of CXCR1 and low levels of CXCR2 mRNA in U251 glioma cells as well as primary astrocytes isolated from the human brain (Flynn et al., 2003; Wakabayashi et al., 2004) , whereas low-level expression of CXCR1 and CXCR2 has been demonstrated by RNase protection assays in fi ve of 16 glioma cell lines . To further complicate this matter, fl uorescence-activated cell sorting analysis indicates that the majority of glioma cell lines lack detectable levels of CXCR1 and CXCR2 (Benedetti and Van Meir, unpublished data) . With respect to the analysis of tumor tissues, RT-PCR studies for CXCR1 and CXCR2 have demonstrated transcripts in astrocytoma specimens of grade II, III, and IV, though in situ hybridization results suggest that the expression may be in lymphocytes and macrophages rather than in tumor cells (Desbaillets et al., 1997) . RNase protection assays have not revealed the presence of CXCR1 and CXCR2 mRNA in GBMs . Interleukin-8 does bind to glioma cells, but this may be due to its interactions with glycosaminoglycans (Benedetti and Van Meir, unpublished data) .
While the details of its mechanism of action remain to be worked out, the importance of IL-8 in gliomagenesis was recently demonstrated in a study of its transcriptional regulation by ING4 (Garkavtsev et al., 2004) . ING4 is a nuclear factor expressed in all normal human tissues, including the brain, but its expression is markedly reduced in astrocytic neoplasms, with levels inversely correlated with tumor grade. Inhibition of ING4 expression by antisense techniques strongly promoted the growth of U87MG glioma in vivo, whereas ING4 overexpression led to growth suppression. Intravital microscopy demonstrated that those tumors lacking ING4 expression showed increased neovascularization compared with ING4-expressing tumors, thereby suggesting that ING4 may be a regulator of angiogenesis. Among the genes most strongly upregulated in tumors treated with antisense ING4 was IL-8, which was increased nearly 10-fold. ING4 was shown to exert its infl uence over IL-8 expression through its physical interaction with the p65 subunit of NF-B. The formation of an ING4/NF-B complex reduced NF-B transcriptional activity, as determined by gel mobility shift assays and NF-B-dependent luciferase reporter assays. Finally, siRNA directed at IL-8 transcripts was shown to reverse the effects suppressing ING4, which implies that IL-8 is a critical mediator of the ING4/NF-B interaction in U87MG. In summary, ING4 was found to form a transcriptional complex that represses NF-B-mediated expression of IL-8. When ING4 expression is reduced, IL-8 expression increases, which leads to enhanced glioma growth and neovascularization. While these fi ndings will need to be reproduced in other glioma cell lines before they can be generalized, they are the fi rst to demonstrate that IL-8 is a critical proangiogenic factor in gliomas.
Despite the studies mentioned above that define a paracrine role for tumor cell-secreted IL-8 in glioma neovascularization, the precise mechanisms by which IL-8 exerts its angiogenic effects are still being defi ned. It is quite possible that glial tumor IL-8 is derived from both tumor cells and macrophages but exerts its biologic effects on blood vessels and infl ammatory cells within human brain tumors. Because CXCR1 and CXCR2 have been described in a perivascular distribution in human glioma specimens, it seems likely that receptor expression is associated with infi ltrating leukocytes rather than endothelial cells (Desbaillets et al., 1997 
IL-8 Expression and Apoptotic Signaling in Gliomas
For reasons that are not entirely clear, IL-8 expression in gliomas also appears to be regulated by signaling pathways that are best known for inducing apoptosis. Both activation of Fas/FasL (CD95/CD95L) and the binding of tumor necrosis factor-related, apoptosis-inducing ligand (TRAIL) to death receptors 4 and 5 (DR4, DR5) are well known to induce apoptosis in subsets of glioma cell lines (Gratas et al., 1997; Song et al., 2003) . Other cell lines remain resistant to these apoptotic mechanisms, which raises the possibility that alternative functions may result from activation of Fas and DR. In the case of Fas, both activating anti-Fas antibodies and FasL promote a dramatic, dose-dependent increase in IL-8 mRNA and protein levels in glioma cell lines (Choi et al., 2001; Hor et al., 2003) . Fas ligation leads to activation of ERK 1/2 and p38 MAPK signaling pathways, and the pharmacologic inhibition of these pathways blocks the secretion of IL-8. In surgically resected human tissues, Fas protein levels were found to be more than twice as high in GBMs than in the normal brain, and the Fas protein concentration correlated well with IL-8 tissue levels. Fas is normally expressed in human gliomas and may trigger a FasL-mediated T-cell apoptotic response that has been identifi ed as a possible means for gliomas to evade immune destruction (Saas et al., 1997) . The fact that Fas activation induces IL-8 secretion may also indicate that Fas activation has pro-infl ammatory or proangiogenic properties in gliomas (Biancone et al., 1997) . In a similar manner, activation of DR5, either by TRAIL or by activating antibodies, leads to apoptosis in a subset of glioma cells; in those glioma cells that survive, IL-8 is strongly and specifi cally upregulated (Choi et al., 2002) . Both TRAIL-induced apoptosis and IL-8 secretion are dependent on Fas-activated death domain recruitment and downstream activation of caspases 1 and 8. While the DR5-mediated apoptotic pathway could be blocked by caspase 3 inhibitors, IL-8 secretion could not, which indicates that signaling upstream of caspase 3 is responsible for IL-8 production. Increased IL-8 mRNA expression following TRAIL ligation of DR5 was shown to be due to activation of the transcription factors AP-1 and NF-B, as assessed by electrophoretic mobility shift assays. Transcription factor activation could also be blocked by inhibitors of caspase 1 and 8, which indicates that these two caspases mediate the DR5 effects on IL-8. The reason for such a strong and consistent expression of IL-8 by glioma cells that survive DR5 or Fas activation is not known. Secretion of IL-8 could be an adaptive response by gliomas by which the proapoptotic signaling via DR5 and Fas activation is suppressed, in a manner similar to that shown by reactive astrocytes (Saas et al., 1999) . The lack of constitutive expression of CXCR1 and CXCR2 on glioma cells and in GBM specimens suggests that this effect may not involve autocrine stimulation through these receptors. However, IL-8 secretion through these mechanisms could play an active role in angiogenesis or infl ammatory response (Chen et al., 1998) .
Conclusions and Therapeutic Implications
In summary, there is strong evidence that IL-8 secretion is associated with glioma formation and malignant progression. The precise cell population(s) responsible for the production of IL-8 in gliomas and the IL-8 receptors involved in transducing IL-8-initiated signaling still needs to be defined. While IL-8 could contribute to tumor growth through several mechanisms, the strongest evidence to date suggests a direct role in angiogenesis. This is an important fi nding, as it indicates that IL-8 might act in an additive or alternative manner to VEGF for glioma angiogenesis. If these recent fi ndings can be substantiated in multiple glioma models, it will be important to consider new therapeutic approaches to antagonize IL-8 action in the clinical setting ( Van Meir et al., 2003; Wakabayashi et al., 2004) . Such therapeutic strategies might work best in conjunction with anti-VEGF/VEGFR treatment.
